Abstract
and it was concluded that frequency reduces with scour but the trend is non-linear due to non-100 uniform foundation sections and layered soils. It was also concluded that although the 101 presence of fluid lowers the frequency value obtained, the fluid-structure effect is not obvious 102 and therefore it may be neglected in the bridge natural frequency analysis. model is represented by the pile/spring system shown boxed in Fig. 1(a) .
115

Extended Model
116
The work described by Prendergast et al. (2013) was validated for the case of a stand-alone 117 pile foundation with forced vibration being imposed through the use of a modal hammer. In reality, pile foundations are used to provide vertical and/or lateral support for a structure (in 119 this case a bridge) the presence of which will have a significant effect on the natural 120 frequency response of the pile-soil interaction problem. In this paper, the previously The bridge modelled is a two-span concrete integral bridge. A Young's modulus of E = 139 3.5x10 10 N m -2 and a material density of r = 2400 kg m -3 are assumed for all bridge elements.
140
For this type of bridge the abutment is formed using a series of vertical concrete columns and 141 reinforced earth. The columns support the deck and the reinforced earth retains the 142 embankment fill, see Fig. 2 . The bridge is not intended to represent any particular real-life 143 structure. However, the properties were chosen to be representative of bridges of this type.
144
The bridge deck is comprised of nine U10 concrete bridge beams (Concast 2014 deck.
160
The abutment columns each rest on a pilecap, under which ten 15 m long concrete bored piles axial, transverse and a rotational degree of freedom as shown in the insert in Fig. 3 .
190
The global mass and stiffness matrices for the model are assembled together according to the 191 procedure outlined in Kwon and Bang (2000) . Damping is modelled using a Rayleigh 
where M, C and K are the (nDOF × nDOF) global consistent mass, damping and stiffness 197 matrices respectively, and nDOF is the total number of degrees of freedom in the system. The Cs. Finally, the tyre is modelled as a spring with stiffness Kt. 
237
The soil is modelled as a system of discrete, mutually independent and closely-spaced lateral 
Analysis & results
250
In the analyses performed using the model described previously, a moving vehicle excites the Once the expected shift in frequency due to scour was established, the next step was to loose sand. However, the shape was the same for all three soil stiffness profiles considered.
276
From the figure, it can be seen that the maximum modal amplitude occurs at deck level. In 277 this study the top of the bridge pier is used as the location to measure acceleration as it assists 278 in identifying the frequency when using signal processing and also aids with signal to noise 279 ratio (SNR) issues. which effectively acts as an impulse load.
299
The vehicle is a four-degree-of-freedom system that moves along the bridge deck. The (1999)), and the part of the road profile on the bridge is reproduced in Fig. 6 . This figure also 307 shows a Class 'B' and a Class 'C' road profile, in order of degrading quality. seconds. This is to be expected as a damping ratio of 2% is used in the simulations. Real data will contain noise, so in this study, noise was added to the simulated signal. In show the result of adding noise to the signal shown in Fig. 7(b) . Fig. 8(d) shows the 339 frequency content of the signals in Fig. 8(a-c) . It can be seen in the figure that for all levels of 340 noise the frequency plot is practically identical which proves that the method will not be 341 particularly sensitive to noise. For the purpose of completeness, the figure has an insert which 342 shows a zoomed in view of the frequency peak. In the insert it can be seen that that there are 343 small differences in the frequency peak for the different levels of noise. However, in relative 344 terms these differences are insignificant. Since noise does not impede the ability of the In the previous section, it was established that artificially added noise does not significantly 356 impede the method of detecting the first natural frequency of the structure (global sway) from 357 the pier accelerations due to a passing vehicle. However, the analysis in the previous section 358 only considers one set of vehicle properties, one driving speed and a Class 'A' road profile.
359
In this section, the effect of varying the driving speed, vehicle properties and road roughness 360 condition on the resilience of the method is investigated. Fig. 9 shows the effect of varying 361 the vehicle driving speed on the detected first natural frequency of the bridge. In this figure,   362 the vehicle traverses the bridge at 50, 80 and 100 km hr -1 and the lateral acceleration signal generated at the pier head is analysed for its frequency content. The vehicle traverses a Class
364
'A' road profile and the soil is assumed as loose sand with zero scour affecting the structure. 
384
The vehicle modelled in the simulations undertaken previously is a two axle truck, the 385 properties of which are shown in compared to a modified vehicle (Veh 2), which includes an altered front axle stiffness and 390 gross body mass. The relevant properties of both vehicles are outlined in Table 3 . The result of running both vehicles over the bridge is shown in Fig. 10 . Both vehicles traverse 397 at 80 km hr -1 over a bridge with zero scour, a loose sand profile and a Class 'A' road surface.
398
Signals contain a SNR = 20. Fig. 10(a) shows the lateral pier head acceleration due to the around the central pier foundation and the process is repeated to generate a scoured signal.
459
The solid and dashed plots in Fig. 13(a) shows the acceleration signals generated at the top of integral bridge structure for a range of soil stiffnesses typically found in the field.
504
In the first instance, it was necessary to establish how scour affects the natural frequency of 
